The presence of serum has limited the utility of many culture models for the study of cytokine effects because its complexity and variability can confound the interpretation of data. In the present study, a serumfree skin co-culture model was used to investigate the effect of exogenous epidermal growth factor (EGF) on epidermal proliferation and differentiation. Human keratinocytes cultured on collagen rafts at the airliquid interface produced a well-differentiated epithelium that resembled normal epidermis. Keratin filalnents, membrane-coating granules, and keratohyalin granules were all observed. Epidermal differentiation markers keratin KlIK10, involucrin, and trans glutaminase were localized in most of the suprabasal layers, whereas profilaggrin/filaggrin was confined to the granular layers and stratum corneum. In the continual presence of 10-20 ng/mL EGF, the T o l11aintain normal epiderma l integrity, keratinocytes must proliferate at an appropriate rate and diffe rentiate according to an orderly sequence of events. The mechanisms by which keratinocyte proli feration and differentiation are regulated are large ly unknown ; however, several growth f.1ctors and cytokines, acting in an autocrine or paracrin e manner, have been implicated in the control of both processes [1-3].
The presence of serum has limited the utility of many culture models for the study of cytokine effects because its complexity and variability can confound the interpretation of data. In the present study, a serumfree skin co-culture model was used to investigate the effect of exogenous epidermal growth factor (EGF) on epidermal proliferation and differentiation. Human keratinocytes cultured on collagen rafts at the airliquid interface produced a well-differentiated epithelium that resembled normal epidermis. Keratin filalnents, membrane-coating granules, and keratohyalin granules were all observed. Epidermal differentiation markers keratin KlIK10, involucrin, and trans glutaminase were localized in most of the suprabasal layers, whereas profilaggrin/filaggrin was confined to the granular layers and stratum corneum. In the continual presence of 10-20 ng/mL EGF, the T o l11aintain normal epiderma l integrity, keratinocytes must proliferate at an appropriate rate and diffe rentiate according to an orderly sequence of events. The mechanisms by which keratinocyte proli feration and differentiation are regulated are large ly unknown ; however, several growth f.1ctors and cytokines, acting in an autocrine or paracrin e manner, have been implicated in the control of both processes [1] [2] [3] .
A central rol e for the epidermal growth factor receptor (EGF-R) and its li gands in the control of epid ermal proliferation has been postulated on the basis of man y ;/1 vitro as we lJ as ;/1 1/ ;1/0 studi es.
Normal epidermis expresses the EGF-R predominantly in the prolifera tiv e (i.e ., basal) layer [4] . Autocrine activation of the EGF-R is suggested by evidence that keratinocytes ;/1 1/;1/0 and ;/1 1/;11'0 synthesize two of its li gands, tran sforming growth factor-a (TGF-a) [5] [6] [7] [8] and amp hireguliJl [9 -11 ] ; furthermore, both TGF-a and amphiregu lin enhance keratinocyte proliferation [9 ,12, 13] .
EG F is also mitogenjc for keratinocytes, and although it is not produced by keratinocytes, it has been detected at sites of wound repair [14] . In hyperproUferative conditions of the e pidermis, e.g., psoriasis and squamous celJ ca rcinoma , e levated levels of the epidermis was less organized, thinner, and less proliferative. EGF also depressed several indicators of differentiation: The number of keratohyalin granules and membrane-coating granules was greatly decreased; antigen expression of profilaggrin/filaggrin appeared diminished by immunocytochemical staining; frequent nuclear retention was noted in the relatively thickened stratum corneum-like layers. As detected by immunohistochemical staining, the expression of EGF receptor in the epidermis was reduced by exogenous EGF. These data illustrate that EGF cannot be <considered a simple mitogen. Our findings also underscore the importance of using sophisticated culture models to assess complex cytokine effects that may be dependent on the architecture of a differentiating epidermis. Key II1ol,ds: pl'Olifel'(/tiolllkemtillocyte. ] l'I11est Demw.(oI104: [107] [108] [109] [110] [111] [112] 1995 EGF-R, TGF-a, and /o r amphiregulin are commonly found [6] [7] [8] 11, 15, 16] .
Exa mination of the role of individual cytokines ;/1 1/; ,10 is complicated by the multitude of epithelial and m esenchym al factors that con tribute to the compl ex cutan eo us microenv ironment. Experim ents usin g cell cultul'e may all ow exa minatio n of the rol e of cy tokine~ in a simpler and more conttoll ed en viro nm en t. However, m any cell culture techniques fai l to reproduce fa ithfully the ;11 1/;,10 e pitheli al architecture and differentiation process and thus are inadequate for thorough evaluation of the role of cytokines in ke ratinocy te physiology. A con siderabl e advan ce in cell cul ture techno logy has been the develo pm ent of a three-dimensional co-culture model consistin g of keratinocytes plated o n a fibroblast-contracted gel m aintained at the air-liquid interface [17] [18] [19] [20] . Although this model yields excell ent e pidermal differentiation and morphology, m any previous formulations h ave included serum as an essential m cdium additive. T he presencc of such a va riable. complex, and und efi ned component can confound the effects of individual cytokines on epidermal proliferation and differentiation.
To circumvent this problcm, we have used a se rum-free m edium, which pennits g rowth and excell ent differentiation of human ke rawl0cytes on a fibroblast-contracted coll age n mattix . Use of this model to evaluate the effects of EGF on kcratinocyte prolifcration and differentiation e mpha~i zes thc potential complexity of cytokinc effec ts , somc of which m ay be observed only in th e context of a tiss ue-like structure. 
MATEIUALS AND METHODS
Cell Culture Human ncon atal fo reskin keratinocytc (second to third passage) and fibroblast (sixth to tenth passage) cultures were in itiated and propagated in, respectivcly , MCDB 153 compl ete m edium or Du lbecco's modification ofEaglc's medium (DME) with 10% feta l bovine serum (FBS) , as dcscrib ed previous ly [21] .
Preparation of Chemically Defined Skin Co-Culture T h e procedure and m edia formu lations werc mod ifi ed from prc vio us reports [19-22J. To tissuc cul ture inserts (TransweU-COL, Costar, Cambridge, MA) in six-we ll plates. we added 1.5 ml of cell-free co llagen solu tion consistin g of 1.25 mg/ml rat tail collagen (Collaborative B iomedical, Bcdford, MA), DME with 10'% FBS, and 50 f.Lg/m l ascorbic acid . A second coll agen gel then was prepared similarly to the first, except that neonatal foreskin fi brob lasts (1..5 X 10"/ ml) were in corporated and the final coll agen concentratio n was 1.0 mg/ml. After 4-5 d of inc ubation at 37°C, thc medium expe lled fro m the ge l was aspirated. T he ge l was then washed, and neonatal foreskin keratin ocytes (1.5 X 10 5 ce lls in 50 f.L1) were seeded on top. After in c ubation for 1.5 h to allow atta chm ent of the keratinocytes, m ore medium (5 ml) was added carefull y to cover the surface of th e gel. The medium used for this submerged culture period was as follows: DME/F-1 2 mixture (3 :1 ) supplem ented with a final concentration of 1. , and 10 ng/ml EGF (mo use, c ulture gra de, Co ll aborative Biomedica l) . After 4 d under subm erged co nditions, the culture was tran sferred to the maintenance tray, w hi ch contains deeper well s (Orga nogenesis, Ca nto n , MA) , and positioned at the a.ir-liquid interface w ith the support of a cotto n filter pad (Organogenesis). T he med ium was switched to a mixture of DME/F-12 (1:1) containin g the above cul ture additivcs, but not EGF or progestero ne, for standard cu lturc cond iti ons. In som e experiments, we exa m.in ed the e ffects of add ition of 20 ng/m l EGF thro ugho ut th e air-exp os ure period. In ea rly ex pe rime nts, lower concentrations (1-5 ng/ml) ofEGF also were eva lua ted , but these concentrations led to rapid digestion of the co llagen gel, in agreement with a previous report [23 ] , and hence made longe r-term ana lysis of the effects of EGF impossible. For all experiments, the medium was changed every 2-3 d , and the c ul tures were harves ted after 8-10 d of air exposure, unless otherwise noted .
T he production, purification, and characteriza tion of mouse anti-human EGF receptor IgG (MoAb 425) used in this stud y have been d escribed [24,25J. Proliferation Assays Cellul ar proliferation was qu antified b y incubation with 10 f.LCi/m l [.l HJthymidine (DuPont-NEN , Boston, MA) in thymidinefree medium for 2 h to detect ce ll s that were in S phase. Sectio ns were processed for autoradiography, an d labeling indi ces were calculated by co un ting at le ast lOOO nuclei for each expe rim ental conditi on. T he results were expressed as the number of labeled nuclei per 100 ba sa l cells. Ce ll s contain.ing at least 5 gra in s were conside re d p ositi ve. n either granular nor cornifi ed layers were apparent (Fig 1a) . By 4 d after elevation to the air-liquid interface, the epithelium was more thickened and displayed some features of differentiation, including cornified layers and sparsely distributed keratohyalin granules ( Fig  1b) . Upon several more days of air exposure, the epithelium exhibited the following features: small, mostly cuboid al basal cell s; several stratum spinosum la yers; stratum granulosum; and mostly anucleate stratum corneum-like layers (Fig 1e,d) . T he terminally differentiated cells did not aPl?ear to slough off~ and hence these layers were thickened at the lo nger incubation times (Fig 1d) .
Ultrastructural Feat.ures Are Consistent With a Keratinized
Epithelium Ultrastructural analysis revealed that the mature cu ltured epithelium consisted of an organized basal layer (Fig 2a) , 11-13 viable suprab asal layers (which included spin ous and granular ceIJ s), and compact, electron-dense, stratum corneum-like layers (Fig 2b) . Basement membrane structure was n ot observed; specifically, basal lamina was absent and h emidesmosomes were not organized. Electron-opaque, round lipid droplets were common in all cell layers. Numerous desmosomes were p "esent along the cell-cell borders, in the basal as well as suprabasal layers. The basal cells were usually cuboidal with numerous cytoplasmic organelles, abundant keratin filaments, and a relatively high nucleusl cytoplasm ratio. Supra basal keratinocytes were gradually flattened and arranged in an orderly pattern. The suprabasal layers corresponding to spinous cells were distinguished by the appearance of membranecoating granules with typical lamellar internal structure (Fig 2e) ; in some fields of the more superficia.l layers, discharge of the membrane-coatin g granule contents was apparent (Fig 2d) . The cells in the uppermost viable layers contained electron-dense keratohyalin granules reminiscent of gra nular laye rs ill l1il1o. T he stratum corneum-like layers were composed of flattened cornified ceUs with thickened membranes (Fig 2d) . Most of tlle cornified cell s were anucleate, although nuclear remnants were observed in some fi elds .
These electron microscopic observations revealed that many structural and differentiation-related characteristics of human epidermis were reproduced in this skin co-culture model.
Localization of Proliferating Cells and Differentiation
Markers Proliferative activity was analyzed using 3H thymidi.ne labeli.ng to quantify the number of cells in S phase. Proliferative k eratinocytes resided almost. exclusively in the basal layer, and tlle labeling index was 11.9 ::' :: 1.4% (average ::' :: standard deviation. n = 5).
To exam ine further the differentiation pattern of tll e ill vitro epithe lium, cultures were processed for frozen sections and stained immunohistochemically with antibodies aga inst several keratillocyte differentiation markers, including keratin KlIK10, type 1 transglutaminase, involucrin , and profilaggrin/ filaggrin. As in normal human epidermis, hi g h-molecu lar-weight keratin Kl/Kl 0 was locali zed in all the suprabasal la yers but was not detected in the basa l layer (Fig 3a) . Human epiderma.l transglutaminase. the enzyme that m ediates envelope protein cross-linking, was localized along cell -cell borders extending from the low supra basal layers through aJJ the living layers; eBs of the basal and lowest supra basal layers were not stained (Fig 311) . Similar findings were observed for b Figure 3 . Differentiation markers are present in suprabasal epidermal layers. Skin co-cultu res, prepared und er sta ndard conditions (no EGF was added during the stage of air exposure; a,b,c) or in the presence of 20 ng/m l EGF throughout the 8 d of air expos ure (d), were processed for froze n sections. Sections were sta ined with the foUowing primary antibodies: anti-keratin KlIKl 0 (a), anti-ep idennal transglutamin ase type 1 (b) , and anti-profi la ggri n/fiJaggrin (c,d) . StainiJlg for in vo lu crin resembled that of transglutami nase (data not .shown). Com parison of staining intensity in c and d revea ls an atte nuatin g effect ofEGF on profilaggrin / filaggrin expression. Arrows indicate basal cell-collagen matrix in te rface. Bnr, 50 /Lm. involucrin, a m aj o r compo n ent of cornifi ed envelopes ge nerated itt I/itro (data not shown) . Profilaggrin/filaggrin, a marker for keratohyalin g ran ul es, was detected in the upp er supra basa l layers, consisten t with the ultrastructural finding that th ese cells contained abundant keratohyalin granul es; profilaggrin/filaggrin also was detected in the stratum corneum-like laye rs (Fig 3c) .
EGF Has Deleterious Effects on Epidermal Morphogenesis
and Differentiation EGF clearly has been shown to act as a keratinocyte mitogen and h en ce is o ne of the major grow th factors used in e pithelial cell cultures and m any skin eq uivalent m o dels . In th e skin co-culture m o del reported here, EGF was present in the submerged stage of culture to promote growth of keratinocytes on the colla gen m atrix. Upon air liftiJlg, the culture m edium was switch ed to an EGF-free formulation and maintained as such thro ughou t the second stage of culture (i.e., durin g air exposure).
When the sta ndard protocol was varied such that EGF was present throughout the keratinocyte cul ture period (i.e., during air-lifted as well as submerged periods), the e pithelium revealed a number of un expected changes. In the presence of 20 ng/ ml of EGF during th e en tire culture period, th e labeling index was de creased to 6.8 ± 1.3%, a reduction of 43'% from control condi tions. EGF also induced alteratio ns in epidermal m o rphology: large, round basa l cell s with a di so rga ni zed appearance alo ng a relati.vely un even cell-matrix interface; relativ ely fewer supra basal layers; di sorgani zatio n of the supra basa! layers, with prem aturely differentiated o r dyin g cell s in som e fields; a marked reduction of keratohyalin g ranules and membrane-coating g~a nul es; and a thickened stratum corne um with substanti al nuclear retention (Fig  4a,c,d) . Immunohistochemical analyses suggested an attenuatio n of profil aggrin /filaggrin express ion in the prese nce of exogeno us EGF (Fig 3d) , consistent with the decreased number of keratohyalin granules. T he effects of EGF on epiderm al morp hogenesis were abo lished by simultan eo us addition of antagoni st ,mti-EGF-R antibody, confi rming that the effects of EGF on epidermal morphogenesis were m ediated throu g h the EGF-R (Fig 4b) . C ultures in the presence of EGF plus anti-EGF-R antibod y w ere m o rph ologicall y comparable to control cultu res. T hese data indicate that exogenous EGF alters the normal keratinocyte differentia tion process, yielding an abnormal, di sorgani zed epidermis.
EGF Depresses Expression of its R eceptor To b egin to evalu ate localization and expression of the EGF-R in the cultured epithe lium, we stained froze n section s immunohistochemically with antibody to the EGF-R . Under stand ard, control cu lture con ditio ns (i. e., EGF present in the submerged stage but absent du!"ing air exposure), EGF-R was detecte d along the cell-cell borders &om the basal layer to the middle or upper supra basal laye rs (data not shown) . When 20 n g/ ml EGF was maintained thro ughout the stage of air exp os ure, the expression ofEGF-R was dramatically redu ced ; only a barely detectable sign al, limited to the basal cells, was o bser ved in some fields. T hese . findings are con sistent with down-regulatio n of the receptor up on li ga nd binding.
DISCUSSION
T h e three-dimensional skin co-culture model, introduced by Bell el al [17], has und ergone many improvem ents over time, particularl y with regard to m edi a formulation . [19 ,20,26] . In the present stud y, we describe and characterize a ski n co-culture m o del that permits gen eratio n of a well-differentiated epidermis in th e absen ce of serum . T h e fo llowing features are apparent. Proliferating cells are found almost excl usively in the basal layer, which exhibits a 3H-thymidine labeling index of 11.9%. T his proliferative index is hig her than that observed in n ormal human epidermis (approximately 2% to 4'X,) and is in the range of that rep o rted for pSOl:iatic lesions (approximately 12% to 24%) or oth er proliferative e pithe lia , e.g., palm and vagiJla [27, 28] . Consistent with the hyperproliferative phenotype is the appearance of lipid dropl ets, which are also found in psoriatic lesions and during wound rep air [29 ,30J. Likewise, the slig htly premature expressio n of invo lu crin and transglutmninase, beginning in th e mid-stratum spinosum, resembles th e c pattern observed 111 psonatlc lesions or epidermis during repair [31] [32] [33] , as well as in several other skin co-culture mode ls [21, 34] .
Other features resemble strongly the normal differentiation pattern, including expression of keratin Kl/Kl0 in aU suprabasal layers [35] . Figure 4 . EGF induces abnormal epidermal morphology and differentiation. n,b: Skin co-cultures were incubated with 20 ng/ml EGF (a) or 20 ng/ ml EGF plus 5 J.Lg/ ml anti-EGF receptor igG (Il) throughout the stage of air exposure (8 d) and then were processed for light microscopy. Bar, 50 J.Lm. c, d: Skin equivalents were in cubated with 20 ng/ ml EGF throughout the stage of air exposure and then were processed for electron microscopy. Note retention of nuclei (Nu) in the stratuJ11 COl11cuJ11-like cells (SC) and dying or prematurely differentiated cells (mml/l) in the supra basal layers. Bnr, 5 J.L111.
Membrane-coating granules, in some fields extruding their contents, are common in the upp erm ost spinous layers . Expression of profilaggrin /fi laggrin is limited to th e granular layer, consistent with the ultrastructural localization of keratohyalin granules. Stl:atum corneum-li ke layers with cornified envelopes and only occasional nuclear remnants are o bserved. A notable deficiency is the lack of basem ent m embrane structure, including basal lamin a and hernidesmosomes. Our data agree with those of Wilkins el nl [36] , who showed excell ent morphology at the lig ht-mi croscope level in e pidennis generated i/l "i/ro under similar conditions. In sum, the cu ltured epidermis h as a hyperproliferative but very well-differentiated phenotype and thus represents a good model with which to analyze the effects of cytokines and growth f.,cto rs on indicators of epidermal differentiation and proliferation.
Although the co-culture model that we describe h ere does n ot use se rum during the e pithelial growth and differentiation stages, it must b e noted that the collagen gel is cast in m edium with 10% FBS, as gel contraction occurs more rapidly in the presence of serum. The total volume of FBS added per gel is 0.45 ml , and the gel is washed thoroughly after contraction and b efo re incubation with keratinocytes in a total volume of 5 ml. Hence, the amount of FBS that can remain in the contracted gel and contaminate the medium during the keratinocyte growth phase is smalL
In th e present study, we used the skin co-culture model to evaluate the effect of EGF on epidermal proliferation and differentiation. EGF is required durin g the submerged stage of culture for maximal proliferation and rapid generation of a confluent epith eli al sheet (Chen, unpublished observations); . iJl contrast, the continu ed presence of EGF during the subsequent air-lifted stage of culture de creases keratinocyte proli feration. In agreement with oW' fllldings, Boyce 1'1 nIt showed previously in a similar model that EGF decreased the number of keratinocytes in S phase; however, Turksen el nl [23] found an enhancem ent of proliferation upon short-term addition of TGF-Cl'.
Enh ancement of keratinocyte proliferation by EGF and TGF-Cl' h as been ascribed to a primary efFect on cell migration [1 2], which allows physical expansion of growing colo ni es. Therefore. one intriguing in terpretation of our data is that EGF does not promote proliferation during the air-lifted phase of the skin-equivalent cu lture beca use the prolife rative response is not accompanied by migration during this stage . In addition, increased autocrine factor concentration or contact inhjbition, both of which may characterize a more confluent culture, also m ay influen ce the response to EGF . Our data suggest further that the contin ual presence of high EGF concentrations ca n induce aberrant differentiation, consistent with previous re ports showing that EGF andl or TGF-Cl' promote maintenance of keratinocytes in a relatively undifferentia ted state (37) (38) (39) . T h ese data illustrate that EGF cannot be considered a simple mitogen; instead, und er certain conditions, it inhibits proliferation and profoundly alters differentiation.
